Interferon (IFN)-␣ / ␤ and interleukin (IL)-12 are cytokines critical in defense against viruses, but their cellular sources and mechanisms of regulation for in vivo expression remain poorly characterized. The studies presented here identified a novel subset of dendritic cells (DCs) as major producers of the cytokines during murine cytomegalovirus (MCMV) but not lymphocytic choriomeningitis virus (LCMV) infections. These DCs differed from those activated by Toxoplasma antigen but were related to plasmacytoid cells, as assessed by their CD8 ␣ ϩ Ly6G/C ϩ CD11b Ϫ phenotype. Another DC subset (CD8 ␣ Ϫ Ly6G/C Ϫ CD11b ϩ ) also contributed to IL-12 production in MCMV-infected immunocompetent mice, modestly. However, it dramatically increased IL-12 expression in the absence of IFN-␣ / ␤ functions. Conversely, IFN-␣ / ␤ production was greatly reduced under these conditions. Thus, a cross-regulation of DC subset cytokine responses was defined, whereby secretion of type I IFNs by CD8 ␣ ϩ DCs resulted in responses limiting IL-12 expression by CD11b ϩ DCs but enhancing overall IFN-␣ / ␤ production. Taken together, these data indicate that CD8 ␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs play important roles in limiting viral replication and regulating immune responses, through cytokine production, in some but not all viral infections. They also illustrate the plasticity of cellular sources for innate cytokines in vivo and provide new insights into the roles of IFNs in shaping immune responses to viruses.
Introduction
Type I IFN-␣ / ␤ and IL-12 are innate cytokines which can be induced early during certain viral infections. They play critical roles in defense against viruses through antimicrobial as well as immunoregulatory effects (1) . Biologically active IL-12p70 protein is a heterodimer composed of an inducible subunit (IL-12p40) and of a subunit (IL-12p35) expressed constitutively in certain cell types but regulated in others (2) . The IFN-␣ / ␤ family consists of one IFN-␤ and multiple IFN-␣ cytokines that bind a unique receptor and trigger the same intracellular signaling cascades with activation of the signal transducer and activator of transcription (STAT) * -1 molecule. Early production of IFN-␤ and IFN-␣ 4 can promote the subsequent expression of distinct IFN-␣ genes by a positive feedback mechanism (3). In contrast, high concentrations of IFN-␣ / ␤ inhibit the production of IL-12 (4) (5) (6) (7) (8) . Thus, mechanisms are in place to differentially regulate IFN-␣ / ␤ and IL-12 responses.
Dendritic cells (DCs) are the most efficient APCs because they activate T lymphocytes at low concentrations of antigen and APC/lymphocyte ratios. Mouse DCs can be characterized by the expression of CD11c and divided in two major subsets: CD8 ␣ ϩ versus CD11b ϩ (9) . CD8 ␣ ϩ and 518 IFN-␣ / ␤ and IL-12 Production by Dendritic Cells during MCMV Infection CD11b ϩ DCs can share a common precursor and do not necessarily belong to distinct lineages (for a review, see reference 10). However, these subsets have been reported to play different roles in the polarization of adaptive immune responses (10, 11) . In addition, CD8 ␣ ϩ but not CD8 ␣ Ϫ DCs have been shown recently to produce IFN-␣ / ␤ in vitro in response to poly(I:C) and CpG-containing oligonucleotides (12) . Although a variety of cell types can be induced to express IFN-␣ / ␤ , a new subset of immature DCs characterized by a plasmacytoid morphology and the expression of a specific array of membrane markers has emerged as a unique source for high level production of the cytokines upon virus-type challenges in vitro in the human (for a review, see reference 10) and in the mouse (13) . DCs have been shown to be producers of IL-12 under various conditions of immune activation in vitro as well as in vivo (14) , including stimulation with Toxoplasma gondii soluble tachyzoite antigen (STAg) (15) . Macrophages (16) (17) (18) and neutrophils (19) (20) (21) can also produce the cytokine. Little is known, however, about the cellular sources of IFN-␣ / ␤ and IL-12 and the pathways for their regulation during productive viral infections in vivo. In particular, whether plasmacytoid DCs are important for IFN-␣ / ␤ responses after viral challenges is not clear, because all virus-infected cells have the potential to produce the cytokines and cell types other than DCs are primary targets for infection with many viruses.
Innate immune responses to murine cytomegalovirus (MCMV) and lymphocytic choriomeningitis virus (LCMV) are being extensively studied in our laboratory. The IFN-␣ / ␤ cytokines are detected early and contribute to protection in both systems (1) . In contrast, innate IL-12 responses are limited to MCMV challenges (22) (23) (24) where they are also necessary for optimal protection (1, 25, 26) . The studies presented here were undertaken to characterize the cellular sources of IFN-␣ / ␤ and IL-12 during infections with MCMV or LCMV, as well as the effects of IFN-␣ / ␤ on their own expression and on IL-12 production during MCMV infections. CD8 ␣ ϩ Ly6G/C ϩ DCs are shown to be major producers of IFN-␣ / ␤ early after MCMV but not LCMV infections. The same DC subset is identified as an important contributor to IL-12 responses during MCMV infections. Interestingly, these cells differ from the DC subset producing IL-12 in response to STAg. Finally, IFN-␣ / ␤ are shown to regulate DC cytokine production by enhancing their own expression while inhibiting IL-12 synthesis during MCMV infection. Taken together, these results demonstrate that DCs are an important source of IFN-␣ / ␤ in some but not all viral infections, and that there is a plasticity of cellular sources for innate cytokines production. They also provide new insights into mechanisms by which IFNs regulate immune responses during viral infections.
Materials and Methods
Mice. E26 mice (27) , 129 mice deficient for the IFN-␣ / ␤ receptor (IFN-␣ / ␤ R Ϫ / Ϫ ) and C57BL6 mice deficient for the STAT-1 molecule (STAT-1 Ϫ / Ϫ ) were bred under pathogen-free conditions by brother-to-sister mating in the animal care facility at Brown University, Providence, RI. They were maintained on sterile food, water, and caging. Specific pathogen free wild-type 129 (129SvEv TacFBR), 129 recombination activation gene (RAG)-2M (129S6/SvEvTac-Rag2 tm1 ), and 129 STAT-1 Ϫ / Ϫ (129S6/SvEv-Stat tm1 ), mice were purchased from Taconic Farms. All mice used in experiments were 5-12 wk in age. Animals obtained from sources outside of Brown University were housed in our facility at least 1 wk before use. Handling of mice and experimental procedures were conducted in accordance with institutional guidelines for animal care and use.
In Vivo Treatments. Infections were initiated on day 0 by intraperitoneal injection of 5 ϫ 10 4 or 10 4 plaque forming units (PFUs) of salivary gland-extracted MCMV Smith strain or 2 ϫ 10 4 PFUs of LCMV Armstrong clone E350. In vivo stimulations with STAg were performed by intraperitoneal injection of 20 g of antigen in 500 l of PBS 1 ϫ . Depletion of NK cells using anti-NK1.1 or anti-AGM-1 antibodies were performed as published elsewhere (28) . The anti-Ly6G/C antibody (RB6-8C5) and the control antibody (GL113) were produced in high density culture conditions in Protein Free Medium II (Life Technologies), supplemented with 2 mM L -glutamine and 80 g/ml gentallin. For experiments evaluating the contribution of Ly6G/C ϩ cells to IFN-␣ / ␤ production in vivo during viral infection, mice were injected intraperitoneally with 500 g of RB6-8C5 or GL113 (control antibody) at day 2.5 and day 0.5 before infection. Mice were anesthetized and bled before sacrifice for organ harvest, at day 1.5 after MCMV infection, at day 2 after LCMV infection, or at 6 h after STAg injection. Serum was prepared from whole blood by centrifugation at 6,000 rpm for 30 min at 4 Њ C.
Preparation of Cell Suspensions. Spleens were digested by collagenase (liberase TM CI, Boehringer Mannheim) (29) and teased apart by repeating pipeting in PBS 1 ϫ , 5 mM EDTA, and 5% FCS (PBS/EDTA/FCS). Erythrocytes were osmotically lysed by ammonium chloride treatment. Thereafter, cell suspensions were kept in PBS/EDTA/FCS unless specified otherwise.
Enrichment for Specific Cell Subsets Using Magnetic Beads. In brief, for enrichment of specific cell subsets, splenic leukocyte suspensions were pooled, resuspended at a concentration Յ 2.5 ϫ 10 8 cells per milliliter and blocked for 15 min by incubation with 50 g/ml of 2.4G2 antibody. For enrichment of macrophage populations, cells were further incubated for 15 min with FITClabeled F4/80 or MOMA-1 antibodies (Serotec). Cell suspensions were enriched by using anti-CD11c, anti-CD8 ␣ , anti-CD11b, or anti-FITC magnetic beads and positive selection columns MS ϩ accordingly to the instructions of the manufacturer (Miltenyi Biotec). In some experiments, the flow through was also collected to retrieve cells negative for the selection marker. CD8 ␣ ϩ DCs were enriched from 129 RAG-2M or E26 mice by using a single step purification with CD8 ␣ magnetic beads, because these mice lack CD8 T lymphocytes. The enriched populations contained 85-95% of cells positive for the selection marker, in consistency with reports by other researchers (29) .
Flow Cytometric Analyses. Cell surface stainings were performed in PBS/EDTA/FCS unless stated otherwise, after blocking with PBS 1 ϫ , 20% FCS, 10% goat serum, and 5 g/ml 2.4G2. A two step protocol was used involving a first incubation with a biotinylated antibody (anti-CD11c or anti-Ly6G/C) and a second incubation with streptavidin-PerCP and various combinations of directly conjugated mAbs among the following: CD8 ␣ -APC, CD8 ␣ -FITC, CD11b-APC, CD11b-FITC, CD11c-PE, F4/80-FITC, MOMA-1-FITC, Ly6G/C-APC, or corresponding isotype controls. Cells were fixed in 2% paraformaldehyde for 20 min, washed, and resuspended at ‫ف‬ 10 7 cells per milliliter be- (30) , without any culture step or brefeldin treatment, and with PBS 1 ϫ , 5 mM EDTA, 0.5% BSA, and 0.1% sodium azide as staining buffer. Briefly, cells were stained for three extracellular markers using FITC, APC, and PerCP fluorochromes. After fixation, cells were permeabilized with 1% saponin in staining buffer, blocked with 0.3 mg/ml rat IgG, and labeled with PE-conjugated anti-IL-12 antibody or control PE-conjugated rat IgG1. Acquisition was performed within 4 h of completion of the stainings.
All antibodies but F4/80 and MOMA-1 were purchased from BD PharMingen. Goat serum and rat IgG were obtained from Sigma-Aldrich. Samples were acquired using a FACSCalibur™ (Becton Dickinson), with the CELLQuest™ v3.1 software package. Laser outputs were 15 mW at 488 and 635 nm wavelengths. At least 100,000 events were collected within the leukocyte gate for analysis.
Purification of DC Subsets by FACS ® . DC subsets were purified from total CD11c ϩ cells by fluorescence-activated cell sorting using a FACSCalibur™ or a FACSVantage™ with a 70-m nozzle. In brief, CD11c ϩ cells sorted by magnetic beads were stained with Ly6G/C-FITC, CD11c-PE, and CD8 ␣ -APC. A first gate was defined based on FSC and SSC parameters, positivity for PE signals and lack of autofluorescence (negativity for PerCP signal). Sort gates were defined within that population for FITC and/or APC positive versus negative cells. Live cells were then sorted accordingly to the recommendations of the manufacturer (Becton Dickinson). The purity and viability of the sorted population were analyzed immediately after sorting.
Quantitation of IL-12 and IFN-␣ / ␤ In Sera and Conditioned Media. Conditioned media (CM) were prepared by plating 10 5 -10 6 cells per well of a 96-well flat-bottomed tissue culture plate in 10% FCS-RPMI 1640 medium. After 24-h incubation at 37 Њ C 5% CO 2 , plates were centrifuged 5 min at 1,300 rpm and supernatants were harvested and tested directly in ELISA or frozen at Ϫ 20 Њ C for later titration. Commercial sandwich ELISA kits were used for both IL-12p40 and IL-12p70 (R&D Systems), as well as a custom antibody pair for IL-12p40 as described previously (24) . Limits of detection were 20 pg/ml for IL-12p40 and 7 pg/ml for IL-12p70. For IFN-␣ ELISA, the primary antibody was a rat anti-mouse IFN-␣ mAb (F-18; Hycult Biotechnology, distributed by Cell Sciences), the secondary antibody a rabbit antimouse IFN-␣ polyclonal Ab (PBL Biomedical Laboratories), the tertiary antibody a horseradish peroxidase-conjugated donkey anti-rabbit F(ab Ј ) 2 Ab (Jackson ImmunoResearch Laboratories); the substrate was ABTS Peroxidase Substrate (KPL) and the standard a recombinant mouse IFN-␣ A from PBL Biomedical Laboratories. This IFN-␣ ELISA detects both recombinant mouse IFN-␣ (HyCult Biotechnology) and IFN-␣ A, but not IFN-␤ (PBL Biomedical Laboratories) or IFN-␥ . Colorimetric changes of enzyme substrates were detected at 405 nm wavelength using a SpectraMax 250 reader (Molecular Devices). In some experiments, IFN-␣ / ␤ levels in sera or CM were determined in a bioassay as published elsewhere (23) . Cytokine titers were expressed as pg/ml or ng/ml for 10 6 cells. Limits of detection were 1,500 pg/ml for IFN-␣ and 8 U/ml for IFN-␣ / ␤ .
RT-PCR for IFN-␣ / ␤ mRNA. Total RNA was extracted from ‫ف‬ 5 ϫ 10 6 cells as described previously (18) and subjected to DNase treatment using the "DNA-free" Kit (Ambion Inc.). After inactivation of the DNase, 1-2 g RNA was reverse transcribed into c-DNA by using Moloney murine leukemia virus reverse transcriptase (Life Technologies). 5 l c-DNA was used as a template for PCR amplification using primers specific for IFN-␣4, IFN-␣non4, and IFN-␤ described in (3, 31) and synthesized by Operon. For relative quantitation, 18S rRNA were amplified together with mRNA for type I IFNs, in the same tube, using primers and competimers accordingly to recommendations from the manufacturer (Ambion Inc.) as described previously (32) . Amplifications were performed in a programmable thermal cycler (PTC-200; MJ Research) with the following cycling parameters. IFN-␣4 and IFN-␣non4: 32 cycles and annealing-temperature (Tann) 55ЊC, IFN-␤: 36 cycles and Tann 56ЊC.
Quantitation of Viral Load. Viral loads were quantitated in spleen and liver homogenates using NIH-3T3 cells in a standard plaque assay as described elsewhere (28) .
Immunohistochemistry and Immunohistofluorescence. Spleen sections were prepared as described previously (32) and stained for MCMV antigens, IL-12 or IFN-␣/␤ proteins, or marginal zone macrophages. For IL-12 and IFN-␣/␤ stainings, tissues were rehydrated in 0.1 M TRIS-buffer 0.1% Tween 20 (Sigma-Aldrich) and quenched for endogenous peroxidase. Blocking for nonspecific binding was done with normal horse serum from VECTASTAIN Quick Kit (Vector Laboratories) followed by blocking for avidin/biotin (Vector Laboratories). The primary antibodies used were polyclonal rabbit anti-mouse IFN-␣/␤ antibody (Lee Biomolecular Research Laboratories) or the anti-IL-12 rat mAb C15.17 produced in the laboratory. Incubations were performed for 2 h at 37ЊC in a humidified chamber. Detection was performed using the VECTASTAIN Quick Kit followed by Vectastain substrate kit VIP (Vector Laboratories). Sections were counterstained with methyl green (Vector Laboratories). MCMV stainings were performed with the MOM fluorescein kit from Vector Laboratories, using hyperimmune serum from MCMVinfected mice as a primary antibody. Marginal zone macrophages were stained with MOMA-1-FITC. Sections were mounted with anti-fading medium Vectashield (Vector Laboratories). Images were collected digitally with a single filter cube with a Spot, RT slider camera from Diagnostics, Inc. (purchased from MVI). Images were processed for publication with AdobePhotoshop.
Statistical Analyses. Statistical analyses were performed in Microsoft Excel 5.0 (Microsoft Corporation) using Student's twotailed t tests. Unless otherwise indicated, mean Ϯ standard errors (SE) are shown.
Results

Characterization of Conditions for Optimal IL-12 and IFN-␣ Responses to MCMV and LCMV Infections. Peak IL-12
and IFN-␣/␤ responses to MCMV infection are observed in the serum and spleen at 36-40 h (day 1.5) after challenge (23, 24 , and data not shown). Experiments in C57BL/6 and 129 mice demonstrated that the cytokines were induced to higher levels in the 129 strain (Table I ). The cytokine levels were high in E26 mice, lacking both T lymphocytes and NK cells (27) (Table I) . Responses were not affected significantly in 129 mice depleted of NK cells as a result of in vivo treatment with anti-NK1.1 or anti-AGM-1 antibody treatments (data not shown) or lacking T and B lymphocytes as a result of mutation of the rag-2 gene (129 RAG-2M) (Table  I) . Thus, IL-12 and IFN-␣/␤ responses to MCMV are not dependent on T, B, or NK cell functions. High viral doses (5 ϫ 10 4 PFUs) elicited higher levels of IL-12 but lower levels of IFN-␣. Thus cytokine responses to MCMV infection can be better studied after low dose challenges in 129 mice. Peak IFN-␣/␤ responses to LCMV infection are observed in the serum and spleen ‫84ف‬ h (day 2) after challenge (1, and data not shown). Similar levels of IFN-␣ were produced by 129 and C57BL/6 mice. As previously reported (5, 22) , IL-12 production was not detectable after LCMV infections under these conditions. Similarly to the MCMV system, IFN-␣/␤ responses to LCMV infections are not dependent on T or NK cell functions (Table I) . 
Assessment of DC Contribution to IFN-␣/␤ Production during MCMV and LCMV Infections.
To define the contribution of DCs to IFN-␣/␤ production by hematopoietic cells from day 1.5 MCMV-or day 2 LCMV-infected mice, cytokine titers were measured in CM from total splenic leukocytes and subpopulations separated based on CD11c expression (Fig. 1 A) . Cytokine production was undetectable in CM prepared with cells isolated from animals injected with vehicle only. Furthermore, although the cytokines were readily detectable in sera and in spleen homogenates (data not shown), no IFN-␣/␤ production could be detected with any of the splenic leukocyte populations isolated from LCMV-infected mice (Fig. 1 A) . In contrast, the cytokines were readily detectable by both ELISA (IFN-␣) and bioassay (IFN-␣/␤) in the CM from total splenic leukocytes of MCMV-infected mice. The levels of cytokines produced were much higher with the populations enriched in CD11c ϩ cells than with total splenic leukocytes, and were greatly reduced after depletion of the CD11c ϩ cells. Neutrophils and macrophages enriched from day 1.5 MCMV-infected mice did not secrete detectable levels of IFN-␣/␤ proteins (data not shown). Thus, these results show that DCs are major producers of IFN-␣/␤ during MCMV but not LCMV infections in vivo.
To determine whether specific genes of the IFN-␣/␤ family were expressed preferentially in DCs from MCMVinfected mice, RNA samples extracted from total, CD11c ϩ , and CD11c Ϫ splenic leukocyte populations were analyzed by relative RT-PCR (Fig. 1 B) . Transcripts for IFN-␤, IFN-␣4, and non-IFN-␣4 were all detectable in the samples from day 1.5 MCMV-infected mice, but not in those from vehicle-treated animals. The IFN-␣/␤ mRNA to 18S rRNA ratio were higher in CD11c ϩ cells and lower in CD11c Ϫ cells as compared with total splenic leukocytes. These results show that mRNA for all three subtypes of type I IFN are expressed preferentially in DCs during MCMV infections in vivo.
To determine whether a specific subset of DCs contributed preferentially to IFN-␣/␤ production, CD8␣ ϩ DCs were enriched from MCMV-infected RAG-2M mice, lacking other populations of CD8␣ ϩ cells (Fig. 1 B) . The levels of the cytokines produced by the CD8␣ DCs were further increased over those produced by total CD11c ϩ DCs. These results demonstrated that DCs, especially of the CD8␣ ϩ subset, were the major producers of IFN-␣/␤ in ex vivo cultures of splenic leukocytes from MCMV-infected mice. Further experiments were undertaken to determine whether the CD8␣ ϩ DCs producing IFN-␣/␤ during MCMV infection in vivo were related to the Ly6G/C ϩ immature plasmacytoid DCs producing IFN-␣/␤ in response to viral-type challenges in vitro (13) . High levels of IFN-␣/␤ were produced by Ly6G/C ϩ DCs (Ͼ98% CD11c ϩ , Ͼ95% Ly6G/C ϩ , 0.67 g/ml IFN-␣, 11,000 U/ml IFN-␣/␤) and CD8␣ ϩ Ly6G/ C ϩ DCs (Ͼ98% CD11c ϩ , Ͼ95%CD8␣ ϩ Ly6G/C ϩ , 1 g/ ml IFN-␣, 8,500 U/ml IFN-␣/␤) purified from MCMVinfected mice. In contrast no or very low levels of the cytokines were produced by Ly6G/C Ϫ DCs (Ͼ99% CD11c ϩ , Ͻ1% Ly6G/C ϩ , IFN-␣ undetectable, 123 U/ml IFN-␣/␤). The treatment of mice with an anti-Ly6G/C antibody before MCMV challenge depleted the majority of the CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs (Fig. 2 A) , whereas no sig- nificant changes where observed in the percentages of CD11b ϩ DCs or in the staining for marginal-zone macrophages in spleen sections (data not shown). This treatment also resulted in a dramatic reduction in production of serum IFN-␣/␤ (Fig. 2 B) . The decrease in serum type I IFNs levels was at least partially due to the depletion of cytokine-producing Ly6G/C ϩ DCs as the in vivo antibody treatment also abrogated the ex vivo IFN-␣/␤ production in the CM from enriched CD11c ϩ cells (60 ng/ml IFN-␣ and 3,000 U/ml IFN-␣/␤ versus 3 ng/ml, 250 U/ml). A significant increase in viral loads was observed in mice treated with the antiLy6G/C antibody as compared with those injected with control antibody (4.48 versus 3.62 log PFU/g of spleen, P Ͻ 0.05). By contrast, although the anti-Ly6G/C treatment also depleted the majority of the CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs in LCMV-infected mice (Fig. 2 A) , it did not reduce the production of serum IFN-␣/␤ (Fig. 2 B) . Taken together, these results show that Ly6G/C ϩ CD8␣ ϩ DCs are major producers of IFN-␣/␤ during MCMV, but not LCMV, infections in vivo, and suggest that this response is important for the control of viral replication.
Assessment of DC Contribution to IL-12 Production.
Studies evaluating IL-12p40/p70 production in culture and IL-12p40 expression intracellularly were performed to characterize the cells producing this cytokine. Cytokine production was very low to undetectable in CM prepared with cells isolated from animals injected with vehicle only. Similarly to what was observed for IFN-␣/␤, CD11c ϩ cells were major producers of IL-12p40 and IL-12p70 in ex vivo splenic leukocyte cultures from MCMV-infected mice (Fig. 3 A) . Even higher levels of IL-12 were produced by CD8␣ ϩ DCs enriched from RAG-2M mice (Fig. 3 B) and by purified CD8␣ ϩ Ly6G/C ϩ DCs (26 ng/ ml). Neutrophils and macrophages enriched from d1.5 MCMV-infected mice did not secrete detectable levels of IL-12 (data not shown). These results show that DCs, especially of the CD8␣ ϩ Ly6G/C ϩ subset, are the major producers of IL-12 in ex vivo cultures of splenic leukocytes from MCMV-infected mice.
Using flow cytometry for intracellular IL-12p40 and several membrane markers, the DC subsets producing IL-12 after MCMV challenge were further characterized by comparison to those responding to STAg (15) (Fig. 4) . IL12p40 was clearly expressed in CD11c ϩ cells from day 1.5 MCMV-infected mice, with a staining intensity comparable to that observed in response to STAg injection but with a higher frequency of positive cells. IL-12 was not detected in macrophages or neutrophils (data not shown). After both STAg and MCMV challenges, the CD8␣ ϩ DCs were the main producers of IL-12, but the CD11b ϩ DCs also contributed to up to one-third of the response to MCMV. In both cases, the IL-12 ϩ DCs expressed the class II molecules of the major histocompatibility complex (I-A b ) . In contrast, the IL-12-producing DCs elicited by MCMV, but not STAg, expressed Ly6G/C and moderate levels of B220. CD8␣ was mostly coexpressed with Ly6G/C and to a lesser extent with B220 on IL-12 ϩ DCs, whereas CD11b had mutually exclusive expression with CD8␣ and Ly6G/C. Thus, the DCs are major producers of IL-12 in response to MCMV challenge in vivo. However, the subsets elicited in response to this virus are different from those activated by STAg, with the CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs being responsible for most of IL-12 production but the CD8␣ Ϫ Ly6G/C Ϫ CD11b ϩ DCs contributing as well.
IFN-␣/␤ Regulation of IL-12 Production by DCs during MCMV Infection.
The IFN-␣/␤ cytokines have been previously reported to inhibit IL-12 production (4-8). To characterize the cellular site of this regulation during (Table II and data not  shown) . This correlated with increased percentages of DCs producing IL-12 as assessed by intracellular staining (Table  II) , whereas the cytokine could still not be detected in neutrophils and macrophages (data not shown). The higher IL-12 production by DCs from IFN-␣/␤R Ϫ/Ϫ mice resulted from an enhanced recruitment of the CD11b ϩ subset for this function, with dramatic increases both in the percentages of CD11b ϩ DCs producing IL-12 ( Fig. 5 A and Table II ) and in the mean fluorescence intensity (MFI) for IL-12 staining in these cells (Fig. 5 B) . Disruption of IFN-␣/␤ functions had smaller effects on the production of IL-12 by CD8␣ ϩ DCs (Fig. 5 and Table  II) . As a result, CD11b ϩ DCs became a major population for IL-12 production in IFN-␣/␤R Ϫ/Ϫ mice, with an overall contribution equal to, or higher than, CD8␣ ϩ DCs (Fig. 5) . Similar results were obtained in STAT-1 Ϫ/Ϫ mice ( Fig. 5 and Table II) , showing that the inhibition of IFN-␣/␤ on IL-12 production was mediated downstream of STAT-1-dependent events. Hence, during MCMV infection, IFN-␣/␤ responses limit IL-12 production by DCs, with preferential regulation on the CD11b ϩ subset. The recruitment of cell types for IL-12 production is restricted to DC subsets as other splenic leukocyte populations do not appear to express the cytokine even in the absence of IFN-␣/␤ functions.
The differences in the production of IL-12 by DC subsets were not due to an intrinsic increased reactivity of CD11b ϩ DCs from mice deficient in IFN-␣/␤ responses, because STAg challenge did not induce detectable expression of type I IFNs and there were no significant differences in the levels and sources of IL-12 production after STAg stimulation of IFN-␣/␤R Ϫ/Ϫ mice (data not shown). They were, however, associated with elevated viral replication. Viral burdens were significantly increased in the spleen of IFN-␣/␤R Ϫ/Ϫ as compared with wild-type mice at day 1.5 MCMV infection (5.61 vs. 4.92 log PFU/g of spleen, P Ͻ 0.001). Immunohistofluorescence studies of splenic sections demonstrated that MCMV antigens were primarily observed in discrete foci within the marginal zone in IFN-␣/␤R ϩ/ϩ mice (Fig. 6  A) . IL-12 expression localized to the same areas (Fig. 6 B) . Consistent with the increased viral burden in IFN-␣/␤R Ϫ/Ϫ mice, MCMV antigen expression extended through a ring encompassing the marginal zone and spreading toward both red and white pulp areas. IL-12 staining was also more intense and its pattern of distribution changed in parallel with MCMV antigens. Thus, IL-12 is produced in vivo at the local sites of MCMV antigen expression, and the enhanced recruitment of CD11b ϩ DCs for production of the cytokine in the absence of IFN-␣/␤ responses is associated with local changes in viral loads or cell tropism.
Blocking endogenous IFN-␣/␤ production during MCMV infection by in vivo depletion of the CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs did not significantly affect the production of IL-12 in serum and DC CM (Table II) , although these cells were a major source of IL-12 production in immunocompetent mice. IL-12 responses were maintained in mice treated with anti-Ly6G/C antibody as a result of increased production by CD11b ϩ DCs, compensating for the loss of CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs (Fig.  5 A and Table II) . Taken together, these data demonstrate the plasticity of DC responses for IL-12 production and identify a new mechanism for cross-regulation between DC subsets, the CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ cells limiting IL-12 production by the CD8␣ -Ly6G/C Ϫ CD11b ϩ ones through secretion of IFN-␣/␤.
Positive Feedback Regulation of IFN-␣/␤ Production by DCs during MCMV Infection. IFN-␣/␤ have been reported to amplify their own expression by positive feedback (3)
. Indeed, at times when MCMV replication and viral antigen expression were increased in IFN-␣/␤R Ϫ/Ϫ as compared with IFN-␣/␤R ϩ/ϩ mice (Fig. 6 A) , IFN-␣/␤ protein production was decreased in splenic sections (Fig. 6 C) . Significant decreases in IFN-␣/␤ levels were also observed in the sera and in the DC CM of IFN-␣/␤R Ϫ/Ϫ mice (Table III). These results show that high level production of IFN-␣/␤ by DCs during MCMV infection in vivo are achieved partially through a positive immunoregulatory feedback at the level of DC expression and not only as a direct response to viral determinants. They also dissociate the conditions optimizing IFN-␣/␤ versus IL-12 responses during MCMV infections. 
Discussion
IFN-␣/␤ and IL-12 play critical roles for defense against viral infections and are differentially regulated. Little is known, however, about the cellular sources for these cytokines and their regulation during viral infections in vivo. Here, CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs are shown to be major producers of both IL-12 and IFN-␣/␤ early after MCMV, but not LCMV, challenges. The data presented extend our previous reports documenting IFN-␣/␤ inhibition of IL-12 production, by also establishing that this regulatory mechanism can be mediated at the level of DC subpopulations, with the production of IFN-␣/␤ by CD8␣ ϩ DCs resulting in STAT-1-dependent responses limiting IL-12 expression by CD11b ϩ DCs. These studies demonstrate the plasticity of innate cellular responses and characterize key events in the shaping of these during viral infections. Taken together, they also provide new insights into how these early events and innate responses may act to regulate downstream adaptive responses.
T, B, and NK cells were not required for IFN-␣/␤ production in vivo during MCMV infection and spleen granulocytes and macrophages enriched from infected mice did not secrete detectable levels of the cytokines. In contrast, DCs, especially of CD8␣ ϩ Ly6G/C ϩ subset, produced large amounts of IFN-␣/␤. Furthermore, Ly6G/C ϩ cells were necessary for IFN-␣/␤ production in sera and DC CM. These results suggest that CD8␣ ϩ Ly6G/C ϩ DCs may be the only producers of IFN-␣/␤ in vivo. Alternatively, they may be the initial sources of the cytokines triggered directly in response to virus challenge and inducing downstream expression of IFN-␣/␤ by other cell types in a positive immunoregulatory feedback (1, 3) . Indeed, IFN-␣/␤ functions were shown to be required for high production of the cytokines, both in vivo during MCMV challenge and ex vivo by DCs enriched from infected mice. However, the lack of requirement of T, B, and NK cells for type I IFNs production, the absence of detectable secretion of the cytokines by cell populations enriched in macrophages and neutrophils, and the decreased production by populations depleted of CD11c ϩ cells suggest that DCs are the major producers of IFN-␣/␤ in response to MCMV infection in vivo and that the positive feedback mechanism for the production of the cytokines acts at the level of the DCs themselves. The major mouse cells producing IFN-␣/␤ in response to in vitro viral challenges have been recently reported as CD11c ϩ CD8␣ Ϫ Ly6G/C ϩ CD11b Ϫ plasmacytoid immature APC (13) . These cells upregulate CD8␣ after 24 h of culture, particularly when exposed to viruses or other activators. Taken together with the results presented here, the studies suggest that activated CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ DCs are major producers of IFN-␣/␤ in vivo during MCMV infection and that they likely derive from plasmacytoid CD11c ϩ CD8␣ Ϫ Ly6G/C ϩ CD11b Ϫ immature APC.
Although virtually any cell type can be induced to express IFN-␣/␤ if appropriately stimulated, MCMV infection is shown here to preferentially induce production of these cytokines in a small subset of specialized cells, the plasmacytoid DCs. Thus, during certain viral infections, plasmacytoid DCs are major contributors to global IFN-␣/␤ production and must therefore, play an important role in any responses downstream of these cytokines (1). This may not be a universal situation, however, because the cell types infected or the nature of the stimuli delivered by microbial products may result in stimulating IFN-␣/␤ production by other populations. Indeed, challenges with inactivated herpes simple virus have been reported to stimulate IFN-␣/␤ production by marginal zone macrophages (33) . A striking result presented here is that DCs do not contribute significantly to the IFN-␣/␤ responses observed in the sera and spleens of mice infected with LCMV Armstrong. Because some strains of LCMV have been reported to infect DCs (34) and the in vivo targets for MCMV replication have not been clearly identified, further experiments will be needed to compare these viruses for DCs tropisms in vivo, relative to cellular sources for innate cytokine production. Nevertheless, it is interesting to note that there is low to no detectable IL-12 expression during infections with a variety of LCMV isolates, including those reported to infect DCs, under conditions inducing IFN-␣/␤ responses (unpublished data). Thus, there are other reasons to believe that the stimulation for innate cytokine responses is delivered to different cell populations during LCMV as compared with MCMV infections.
The characterization of CD8␣ ϩ DCs as major producers of IL-12 after MCMV infection is consistent with the cell type producing IL-12 in response to STAg challenge. However, the CD8␣ ϩ DC subsets recruited in response to MCMV differ from those activated by STAg as they express a specific array of membrane markers, in particular Ly6G/C, linking them to the plasmacytoid IFN-producing DCs. Indeed, the main producers of IL-12 and IFN-␣/␤ during MCMV infection in vivo were found to belong to the same CD8␣ ϩ Ly6G/C ϩ CD11b Ϫ subset of DCs. Although we cannot exclude the possibility that these cells correspond to a different maturation stage of the same DC populations producing IL-12 in response to STAg stimulation, we favor the hypothesis that they arose from different precursors expressing different arrays of receptors for microbial products. Future studies examining the expression of receptors, such as the Toll-like molecules, on these different DC subsets, as well as their function for innate cytokine responses to viral infections, may help to understand their functional specialization and ontogenic relationships.
A broader range of DC subsets was also induced to produce IL-12 during MCMV as compared with STAg challenges, including CD11b ϩ cells, and the contribution of this subset was dramatically increased in the absence of IFN-␣/␤ functions. Although CD8␣ Ϫ DCs lack the ability to secrete IL-12 under various conditions in vitro and in vivo (12, 14) , they were recently shown to be the main producers of this cytokine in response to heat-killed Brucella abortus, in an IL-10-regulated way (35) . Here, conditions of antigenic stimulation and cytokine regulation are defined, i.e., MCMV infection in the absence of IFN-␣/␤ functions, where CD11b ϩ DCs produce high levels of IL-12 in vivo. As the conditions also are associated with increased viral replication and spread through the spleen, changes may occur in viral tropism in the absence of IFN-␣/␤ functions as reported during infections with other viruses (for a review, see reference 36). Thus, enhanced exposure to virus or virus-infected cells may have contributed to the elevated CD11b ϩ DC production of IL-12 in IFN-␣/␤R Ϫ/Ϫ mice. However, no changes in the level and sources of IL-12 production were observed in mice deficient for the IFN-␥ receptor or for the STAT-4 molecule, even though viral replication was also increased in these immunodeficient animals (data not shown). Furthermore, previous studies, from our laboratory in the mouse and from others in human systems, have shown that IFN-␣/␤ inhibit IL-12 production in vitro in response to nonreplicative stimuli such as LPS or SAC (4) (5) (6) (7) (8) . Therefore, it is likely that IFN-␣/␤ inhibition of IL-12 production by CD11b ϩ DCs in vivo during MCMV infection results at least in part from immunoregulatory mechanisms. In summary, we have shown that CD8␣ ϩ Ly6G/ C ϩ CD11b Ϫ DCs play a central role in innate immune responses to MCMV infection as major producers of IL-12 and IFN-␣/␤, both cytokines involved in the activation of antiviral NK and T cell immune responses (36) . Moreover, our results suggest a new mechanism for cross-regulation between DC subsets, the production of IFN-␣/␤ by the CD8␣ ϩ DCs inhibiting IL-12 expression by the CD11b ϩ DCs. The biological consequences of these responses are not yet completely understood but they may have multiple effects on promoting the endogenous immune responses most protective against MCMV infections while acting to limit potentially detrimental responses (37) . For example, the conditions leading to high production of IL-12 by DCs are linked to decreased production of IFN-␣/␤ and would therefore, trigger strong NK cell IFN-␥ secretion but weaker cytotoxic activity. This might be detrimental to the host because NK killing has been shown to contribute to defense against MCMV-induced disease and because excess production of IL-12 can lead to cytokine-mediated disease (36) . Likewise, because CD8␣ ϩ DCs have been reported to have unique capabilities for cross-priming cytotoxic T lymphocytes (38, 39) and CD11b ϩ DCs may be more efficient at activating CD4 T cells (39, 40) , the responses may act to potentially limit IL-12-and CD4 T lymphocyte-induced immunopathology and to promote the development of strong CD8 T cell responses. Thus, these observations provide new insights into the mechanisms by which IFN-␣/␤ may shape innate and adaptive responses to promote health over disease during certain viral infections. 
